8 Ionotropic glutamate receptors (iGluRs) are ligand gated ion channels that mediate excitatory 9 synaptic transmission in the central nervous system (CNS). Desensitization of the AMPA-10 subtype following glutamate binding appears critical for brain function, and involves 11 rearrangement of the ligand binding domains (LBDs). Recently, several full-length structures 12 of iGluRs in putative desensitized states were published. These structures indicate movements 13 of the LBDs that might be trapped by cysteine crosslinks and metal bridges. We found that 14 cysteine mutants at the interface between subunits A and C, and lateral zinc bridges (between 15 subunits C & D or A & B) can trap freely-desensitizing receptors in a spectrum of states with 16 different stabilities. Consistent with close approach of subunits during desensitization 17 processes, introduction of bulky amino acids at the A-C interface produced a receptor with slow 18 recovery from desensitization. Further, in wild-type GluA2 receptors, we detected population 19 of stable desensitized state with a lifetime around 1 second. Using mutations that progressively 20 stabilise deep desensitize states (E713T & Y768R), we were able to selectively protect receptors 21 from crosslinks at both the diagonal and lateral interfaces. Ultrafast perfusion enabled us to 22 perform chemical modification in less than 10 ms, reporting movements associated to 23 desensitization on this timescale within LBD dimers in resting receptors. These observations 24 suggest small disruptions of quaternary structure are sufficient for fast desensitization, and 25 that substantial rearrangements likely correspond to stable desensitized states that are adopted 26 relatively slowly, on a timescale much longer than physiological receptor activation.
Introduction 40
Glutamate receptor ion channels mediate most of the fast excitatory synaptic transmission in the 41 vertebrate CNS (Traynelis et al., 2010) . Glutamate binding initiates opening of an integral ion pore, isoxazolepropionic acid (AMPA) receptor subtype desensitizes rapidly and profoundly in response to 44 the sustained presence of glutamate for more than about 25 ms (Colquhoun et al., 1992; Robert et 45 al., 2005) . The number of receptors available to respond to glutamate is consequently reduced during 46 a phase of recovery from desensitization, which in turn can determine the amplitude of postsynaptic 47 Materials and methods concentration. Recovery from desensitization for the A665W mutant was measured with a 400 ms 126 conditioning pulse.
127
Recovery from desensitization 128 To examine the recovery from desensitization for wild-type GluA2, patches containing hundreds of 129 receptors were conditioned with applications of 10 mM glutamate for 50, 200 and 800 ms and 5 130 seconds. A test glutamate pulse was delivered at 12 different time points between 2 and 790 ms after 131 the conditioning pulse. The protocols with different durations of the first pulse were randomly 132 initiated for each patch and repeated, if the patch was stable enough.
133
The timing and amplitude of peak currents and rise times of all peaks were measured in Axograph.
134
Recordings from 23 patches from different cells were used for further analysis, except for the 5-second 135 conditioning pulses. Since the duration of these measurements was long and the run-down of the 136 current was often substantial, only measurements from 4 patches could be completed before the patch 137 was lost, and had sufficiently good quality for the whole set of records, namely 10-90% rise times of 138 the glutamate response < 500 µs, and a stable baseline with fluctuations less than 10% of the peak 139 current.
140
The response following a long (5 s) conditioning pulse was corrected for the slow rundown of current 141 amplitudes caused by either accumulation of receptors into electrically-isolated parts of the patch 142 (Suchyna et al., 2009) , or accumulation of receptors into non-functional states. A linear function was 143 fitted to currents and times of the response to the conditioning (1 st ) pulse from each episode, to 144 extrapolate the expected maximum response at the time of each test (2 nd ) pulse. For each interval, 145 the normalized responses were averaged and the standard deviation was used for fitting in Igor Pro 146 (Wavemetrics).
147
We and others have previously fitted recovery from desensitization with a Hodgkin-Huxley type 148 recovery curve (Hodgkin and Huxley, 1952) :
149
(2) 150 where k is the rate of recovery, m is the slope, ymax and y0 are the maximum and minimum, 151 respectively, and t is the interval between pulses. We also did this here for the data in Figure 3A .
152
However, for the recovery following conditioning pulses of longer durations ( Figure 5 
Results
An inter-dimer interface forms in desensitized state.
To place intersubunit bridges in the context of the conformational changes that drive desensitization, structures and measured the putative distances between the Sulphur atoms of the cysteine. In the dimers but mainly as a consequence of the distance of the A and C subunits from the central axis of the receptor and ion pore. The structure of the GluA2 receptor in complex with the high-affinity full TARP g-2 Quis (PDB: 5VOV; Chen et al., 2017) . shows similar rotations and translations within each 179 of the LBD dimers. Placing the A665C mutations in subunits A and C of this structure allows the SG 180 groups to be only 5 Å distant, within striking distance of forming a disulfide bridge suggesting the (Dürr et al., 2014) , 2xGSG1L Quis (Twomey et al., 2017) , g-2 Quis (Chen et al., 2017) and GluK2 (2S,4R-4methylglutamate; Meyerson et al., 2016) structures. PDB codes shown in brackets.
Conformational changes relative to resting/active structures are indicated. Modelled A665C residues are shown as spheres. The scope of insets in panels B and C is shown by brown and light blue dashed boxes, respectively. (B) The A665C mutant site in the A and C subunits. Distances are modelled between Cysteine sulphur atoms, except for GluK2 where the equivalent residue is T670, which is buried. (C) The lateral interface between subunits C&D at the site of the zinc bridge mutant T1. Distances are measured between main chain C-alpha atoms. Nearest match residues for the T1 site in K2 are S669, K673 and K759. and Plested, 2018) . A yet more dramatic change can be observed in the homologous GluK2 structure 183 in the desensitized state (2S,4R-4-methylglutamate PDB: 5KUF; Meyerson et al., 2016) which shows 184 a rotation of the subunits D and B of 125°, producing pseudo four-fold symmetric arrangement of the 185 LBDs. Similar large-scale disruptions of the LBD layer were observed in single particle analyses of 186 GluA2 without auxiliary subunits (Dürr et al., 2014; Meyerson et al., 2014; Meyerson et al., 2016) .
187
As a consequence of this movement the residue T670 (equivalent in GluK2 to A665 in GluA2) is 188 buried between the new interfaces formed between adjacent subunits (Figure 1 ). For the same four 189 candidate structures, we measured the distances between the residues that form the site of the T1 190 lateral Zn 2+ bridge (Baranovic et al., 2016) built from introduced histidines (D668H T672H K761H;
191 Figure 1C ). The intersubunit distances are too great to predict zinc bridging for any of the candidate 192 structures. The closest approach was for GluA2-TARP g-2 Quis (5VOV), where the CA-CA distances 193 were 12-13 Å (for K761 to D668 or T672). Overall, no candidate desensitized arrangement would 194 support a Zn 2+ bridge if histidine residues were placed at these positions.
195
We reasoned that if we attempted to crosslink the diagonal A-C interface during desensitization, we 196 could determine at which point in the desensitization reaction (either early or late) that these two 197 subunits come together. Likewise, we expected that the lateral interface should not be readily 198 accessible to desensitized receptors, unless a spectrum of different desensitized states are sampled.
199
We used well-characterized cysteine substitutions at three positions in the FG-loop (I664, A665 and 200 V666) (Lau et al., 2013; Salazar et al., 2017; Baranovic and Plested, 2018) . Each mutant was tested 201 for its crosslinking potential in 100 µM glutamate. This concentration was based on the concentration The two-pulse protocol had a conditioning pulse of 400 ms, followed by a second pulse at increasing intervals (responses are overlaid). Peak currents (red open circles) were fit with Hodgkin-Huxley functions (dashed red lines) (B) Mean of recovery from desensitization for GluA2 WT (black) and A665W (orange). For each interval, the peak of the second pulse is plotted as the active fraction (relative to the first peak) and fit with a Hodgkin-Huxley equation (with slope fixed to 2, see methods). The time constants of recovery from desensitization were 20 ± 2 ms and 155 ± 5 ms for GluA2 WT and A665C respectively (probability of no difference = 0.01, Student's ttest; n = 4). (C) Concentration-response curves for WT GluA2 (blue circles; EC50 = 330 ± 100 µM), GluA2 A665W (yellow circles; EC50 = 510 ± 130 µM). The probability of no difference between the EC50 values was 0.19) (n = 3 cells). the conditioning pulse. In these experiments, WT GluA2 recovered from desensitization with a time 228 constant of 20 ms, as previously reported (Carbone and Plested, 2012) In contrast, we observed a 229 dramatic delay of desensitization recovery of more than 7-fold for the mutant A665W (trec = 155 ± 5 230 ms; Figure 3 A). We constructed a dose response curve for glutamate and observed little difference 231 in the apparent affinity for glutamate (A665W EC50 = 510 ± 130 µM compared to WT EC50 = 330 ± 232 100 µM, with p of no difference 0.19) (Figure 3 B) . We therefore ruled out the possibility that the 233 change in recovery was due to an increase in affinity for glutamate in the A665W mutant. This 234 observation further supports the idea that this inter-subunit interface forms during the entry to or exit 235 from desensitization.
237
Adoption of deep desensitized states protect against crosslinking
238
We reasoned that if the stable disulfide trapping we detected were unique to the desensitized state, 239 then promoting desensitization should promote trapping and/or slow recovery. However, additional 240 desensitized states might exist that are not readily disulfide linked by cysteines at the A-C interface. Such states would perhaps resemble the four-fold symmetry of the GluK2 structure, or more generally, would stably hinder the approach of cysteines at the otherwise proximal A-C interface because of a substantial conformational change. We tested the formation of inter-subunit crosslinks in a putative trapping than for the A665C mutant alone, with a reduction of the active fraction of 46% for A665C,
248
E713T and 42% for A665C, Y768R after 100 s of application of Cu:Phen (Figure 4 A and B ). Both 249 mutants showed slower recovery after trapping for A665C, E713T of 10.7 ± 1.7 s and 9.7 ± 1.6 s for to these results, the triple mutant A665C ET/YR showed absolutely complete protection from 255 trapping, exhibiting a similar profile to the WT GluA2 ET/YR mutant (Figure 4 A) . This observation 256 suggests that this GluA2 mutant, which exhibits very stable desensitization, can adopt yet another 257 deep desensitized state in which the interface between subunits A and C is absent. Such conformation 258 is consistent with either the GluA2-2xGSG1LQuis structure, or the GluK2 Cryo-EM structure where 259 the equivalent residue for A665C is buried in intersubunit interfaces (Figure 1 ).
260
Long exposures to glutamate promote entry to stable desensitized states 261 From these results, we predicted that the progressively greater stability of trapped receptors following 262 long exposures to desensitized conditions should derive from the selective adoption of more stable 263 desensitized states. However, the wild-type homomeric GluA2 receptor is known for its rapid and Lateral shifts occur during desensitization.
288
The GluA2-TARP g2 Quis (5VOV) structure (Chen et al., 2017) shows a compact packing of 289 the lateral interface of the subunits A&B and C&D of the LBDs whereas in the GluA2-2xGSG1LQuis 290 (5VHZ) structure (Twomey et al., 2017) this interface is clearly absent ( Figure 1C) . In order to 291 analyse if this if this interface occurs in early-desensitized states that can be adopted over millisecond 292 time scales, we used a metal ion trapping approach. Previously, we engineered a pair of histidine 293 mutants T1 (D668H, T672H, K761H) (Baranovic et al., 2016) . Using these mutants, we detected the 296 formation of the lateral interfaces in desensitized state applying 100 µM glutamate in presence of 10 297 µM Zn 2+ . The mutants T1 and HH showed a reduction of the active fraction after 1 second of the 298 application of Zn 2+ in desensitized state, with a reduction of the AF of 33% for T1 and 23% for HH 299 plateauing after 100 s of Zn 2+ application (Figure 5 A) . With time constants of recovery after trapping 300 for T1 and HH of 1 ± 0.08 s, and 0.6 ± 0.08 s respectively after 10 seconds in zinc. The asymptotic 301 time constants of recovery in the limit of long Zn 2+ exposures were 4 ± 0.6 s and 2 ± 0.8 s, (for T1 302 and HH, respectively; Figure. We hypothesised that the conformation trapped by the T1 lateral bridge is absent in the deep 304 desensitized states promoted by the ET/YR mutation. To test this hypothesis, we inserted the triple 305 histidine mutant T1 (D668H, T672H, K761H) in the mutant (E713T, Y768R) background and tested 306 its sensitivity to zinc in desensitized states. As for the A665C mutant, we did not detect the formation 307 of T1 lateral interfaces in the presence of the ET/YR mutation. The T1 ET/YR mutant was as 308 insensitive to 10 and 100 s application of 100 µM glutamate in presence of 10 µM Zn 2+ as WT GluA2 309 ( Figure 5 A) . Double and single histidine mutant controls were also unaffected by Zn 2+ application 310 ( Figure 5 A) , confirming the specificity of the trapping of the mutants T1 and HH. These experiments 311 show that lateral shifts occur during desensitization, and the fast formation of bridges over tens of 312 milliseconds suggests that these shifts occur during the 1 st steps of the desensitization pathway.
313
Additionally, we observed no lateral interface formation in the deep desensitized state. ) to. the mutant A665C in resting state with CTZ (100 µM). The inset shows the current profile during recovery: the arrow indicates reduction of the current after trapping. (D) The active fraction of receptors after oxidization in desensitized state (continuous lines, exponential fit) is plotted against the trapping interval. Arrows indicate intervals for the traces in (B and C). The probability of no difference between the active fraction after trapping in resting state without and with CTZ for A665C, after 10 seconds of application of oxidizing conditions was 0.003 (n = 3 -6 patches per point).
Resting state desensitization is rapid and reversible

315
The differences between the NW-bound, putative desensitized structure (4u4f) (Yelshanskaya 316 et al., 2014) , the apo structure (Dürr et al., 2014) and the MPQX-bound state (Twomey et al., 2016;  timescales from milliseconds to minutes with metal bridges and disulfide bonds that trap transient
We observed a positive correlation between the time of application of oxidizing conditions and the 358 time constant of recovery after trapping for disulfide bonds at the A-C subunit interface, and lateral 359 zinc bridges. The simplest explanation is that prolonged exposure drives entry to at least two 360 desensitized states, and the least frequently accessed are the most stable (see Figure 8A ). The recovery 361 from trapping in these desensitized states was dramatically slower than for the same mutants trapped 362 in active states (Baranovic et al., 2016; Lau et al., 2013) . Most surprisingly, by favouring slow 363 recovery by introducing mutations in the D2 lobe of the LBDs, we could access a further, 364 conformationally distinct, stable desensitized state that was immune to crosslinking at the A-C 365 interface and that may or may not be physiological. It is tempting to consider these three distinct 366 states as progressively profound conformational changes in the LBD layer, with more stable 367 desensitized states corresponding to those seen in some structural biology experiments. In these 368 experiments, ligand exposures are for technical reasons minutes or hours. In Figure 8B , we outline a 369 scheme to link the states identified from their crosslinking behaviour to possible LBD arrangements.
370
Although crosslinks do not define geometry uniquely, we note that they do report a minimum level 371 of complexity in the conformational and dynamic space of GluA2. The three time constants we 372 identify for wild-type GluA2 (in glutamate) may correspond to the "fast", "deep" and "protected" (Baranovic and Plested, 2018) . (B) Putative LBD arrangements in 4 distinct classes of desensitized states identified by crosslinking (plan view). Subunits A-D are arranged as marked on resting state. Published structures are indicated by PDB codes. Diagonal disulfide bonds are indicated by paired yellow circles, and the lateral Zn 2+ bridge by a cyan circle (as in A). Fast desensitization can probably occur with one dimer active (green) and one dimer desensitized (red), after only small movements. Multiple components of trapping for both disulfides and zinc bridges require multiple states, here represented by the "Fast" and "Deep" desensitized rows (lettering from panel A indicated in bold here). In the 2 nd deep desensitized state, neither the A-C disulfide nor the lateral bridge can form. envelope calculation applying this logic to the observed time constants for the resting state trapping (entry ~10 ms, lifetime ~ 400 ms) would give the true resting state D1 dimer desensitization with 378 time constant for entry of about 100 µs, and a lifetime of ~4 ms. Providing some support for these 379 estimates is the separate observation that trapping with bifunctional MTS reagents can be accelerated 380 50-fold by simply increasing the reagent concentration (Baranovic and Plested, 2018) . In this and 381 other studies, we typically trap receptors in gentle (read, slow) conditions to reduce non-specific 382 crosslinking 383 Even though prolonged oxidation can lead to promote trapping by disulfides in stable inactive states, 384 key weaknesses of this line of approach are that the presence of the bridges themselves could drive 385 non-physiological conformations, and the trapping bridges necessarily contribute to the lifetime of 386 the trapped states. To address these points, we exposed wild-type GluA2 receptors to long applications 387 of glutamate in two-pulse protocols, and could detect slow components of recovery when we used 388 conditioning pulses of 800 ms or longer. About one third of the population recovered either with an 389 intermediate recovery rate about 4 times slower than the majority, or on a timescale longer than the 390 pulse protocol (>1 s). With the brief conditioning pulses that we and other investigators have 391 routinely used (Figure 3 and (Bowie and Lange, 2002; Zhang et al., 2006; Carbone and Plested, 392 2012), these slow components are either very small or absent. The Hodgkin-Huxley type functions 393 that describe recovery of GluA2 well are usually fixed to have a slope of 2. Intriguingly, a good 394 description of the early phase of recovery required slope exponents > 2 (see Figure 5 , Supplementary   395   table 1 and Supplementary Figure 1 ). Fixing the slope to 4 offered a marginal improvement in the 396 goodness of fit compared to a slope of 3. This observation is consistent with 3 or more independent 397 particles being involved in the first recovery phase (Hodgkin and Huxley, 1952) . A more qualitative 398 observation is that, for conditioning pulses of 5 s or longer, we always observed rundown of the 
403
The desensitized state structure stabilized by GSG1L does not support formation of the disulphide 404 bond between A665C residues in subunits A and C (Figure 1 ). This observation reinforces the idea 405 that there are multiple desensitized states with common attributes, but that some aspects of LBD 406 geometry might be unimportant. Desensitized states in the AMPA receptor may correspond to any 407 number of configurations where the braced, active dimer arrangements are absent. Dissociation of a 408 single active dimer is enough to desensitize the receptor (Robert and Howe, 2003) . However, the 409 overall configuration of the four LBDs might otherwise be compact. Auxiliary proteins with very 410 different geometries (for example, TARPs and Shisa variants) seem to have distinct effects on the 411 lifetime of the AMPA receptor desensitized state (Priel et al., 2005; Farrow et al., 2015; Eibl and states 
414
Structures of GluA2 in the apo ligand free (Dürr et al., 2014) , and the MPQX-bound state (Twomey 415 et al., 2016; Zhao et al., 2016) , do not support a contact between subunits A and C in resting state.
